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Identification of chromosomal markers for rapid detection of Bacillus anthracis is difficult because significant
chromosomal homology exists among B. anthracis, Bacillus cereus, and Bacillus thuringiensis. We evaluated the
bacterial gyr4 gene as a potential chromosomal marker for B. anthracis. A real-time PCR assay was developed
for the detection of B. anthracis. After analysis of the unique nucleotide sequence of the B. anthracis gyrA gene,
a fluorescent 3’ minor groove binding probe was tested with 171 organisms from 29 genera of bacteria,
including 102 Bacillus strains. The assay was found to be specific for all 43 strains of B. anthracis tested. In
addition, a test panel of 105 samples was analyzed to evaluate the potential diagnostic capability of the assay.
The assay showed 100% specificity, demonstrating the usefulness of the gyr4 gene as a specific chromosomal

marker for B. anthracis.

Bacillus anthracis, Bacillus cereus, and Bacillus thuringiensis
are members of the B. cereus group of bacilli. The phylogenetic
and taxonomic relationships among these species are debat-
able. DNA-DNA hybridization studies, pulsed-field gel elec-
trophoresis, multilocus enzyme electrophoresis, genome sizing,
and genome mapping have revealed a large degree of homol-
ogy among species in this group (9-12, 24, 25, 27). There is so
little difference among members of this group that some in-
vestigators have suggested that all of these organisms should
be classified as B. cereus (25, 27). The differences that do exist
among B. anthracis, B. cereus, and B. thuringiensis are due
largely to the presence of plasmids (4, 6, 20, 39, 42, 50, 57).
However, plasmids may be lost, making it difficult to differen-
tiate rapidly among species.

Traditionally, B. anthracis has been distinguished from other
members of the B. cereus group by time-consuming techniques
such as colony morphology, penicillin susceptibility, gamma
phage susceptibility, lack of hemolysis, and motility (35). These
methods are giving way to more rapid and quantifiable nucleic
acid-based assays, such as real-time PCR (5, 31, 36, 44). The
primary markers used in nucleic acid-based assays to identify
B. anthracis are plasmids pXO1 and pXO2 (5, 7, 48). These
plasmids are found in virulent strains of B. anthracis and carry
genes that produce the toxins and the capsule, respectively. A
recent study by Pannucci et al. showed a high degree of se-
quence conservation between plasmid pXO1 and the chromo-
some of some members of the B. cereus group, with several
strains showing 80 to 98% homology (43). Plasmids of the B.
cereus group vary widely in size and number, and transfer
among members of this group has been documented (20, 47,
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50). Through conjugation, pXO1 and pXO2 have been trans-
ferred into B. cereus (21, 43). Clearly, for DNA-based diagnos-
tic methods to conclusively identify B. anthracis, a chromo-
somal target is needed in conjunction with pXO1 and pXO2
analysis.

Suitable chromosomal targets have been elusive for this
group of organisms. The chromosomal target most commonly
used to identify bacteria is the rRNA operon, which contains
the 16S rRNA and 23S rRNA genes as well as an intergenic
spacer region (ISR) (1, 13, 19, 22, 32, 33, 51, 56). Unfortu-
nately, there is no sequence difference between the 16S rRNA
gene in B. anthracis and the 16S rRNA gene in some strains of
B. cereus (3). The 23S rRNA gene also has shown very few
sequence differences among the members of this group (2).
The 16S-23S ribosomal ISR has been used with denaturing
high-performance liquid chromatography (DHPLC) to differ-
entiate among these species (26). However, due to the nature
of 16S-23S ISR DNA sequence variations, it may not be pos-
sible to use this area of the bacterial chromosome to differen-
tiate among these species by real-time PCR (8). Another gene
used for bacterial identification, the rpoB gene (16, 17, 40, 49),
has shown some promise. An rpoB gene fluorescence reso-
nance energy transfer assay was used with real-time PCR to
detect B. anthracis; in that study, a total of 319 bacilli were
analyzed, and only 1 B. cereus strain cross-reacted (44). Several
other areas of the B. anthracis chromosome have been inves-
tigated for identification purposes. The vrrA, virB, virC, GC3,
and Ba813 regions have been used as chromosomal markers
for genotyping but have limited specificity (29, 46). SG-850 is
another chromosomal marker, but its analysis requires diges-
tion with Alul following PCR (14).

We chose the DNA replication gene gyr4 as a potential
target for real-time PCR B. anthracis identification. The gyr4
gene codes for two of the four subunits of the bacterial DNA
gyrase enzyme. The gyrase enzyme introduces negative super-
coils into DNA in an ATP-dependent reaction (37). gyrA is
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characterized by areas of high conservation and areas of vari-
ability, making it suitable for bacterial identification (55). We
analyzed the gyrA genes from B. anthracis and B. cereus by
DHPLC and DNA sequencing and then developed a 3’ Taq-
man minor groove binding (MGB) probe.

In this study, we evaluated the ability of the 3" Tagman
MGB probe to differentiate among a number of Bacillus spe-
cies. Tagman MGB probes form extremely stable complexes
when bound to target DNA and, compared to traditional Taq-
man probes, have higher melting temperatures (30). These
characteristics make Tagman MGB probes useful for analyzing
single-base-pair mismatches.

MATERIALS AND METHODS

Bacterial growth and extraction. The Bacillus strains analyzed in this study
were acquired from the American Type Culture Collection (Manassas, Va.),
clinics, or entries from previous U.S. Army Medical Research Institute of Infec-
tious Diseases (Fort Detrick, Frederick, Md.) collections. Either Bactozol kits
(Molecular Research Center, Inc., Cincinnati, Ohio) or QIAamp DNA minikits
(Qiagen, Valencia, Calif.) were used to extract DNA. Bactozol kits were used in
accordance with the manufacturer’s recommendations. QIAamp kits were used
as follows. Cells were pelleted and resuspended in 180 wl of Dulbecco’s phos-
phate-buffered saline (GibcoBRL, Rockville, Md.). Twenty microliters of pro-
teinase K and 200 pl of AL buffer (Qiagen) were added and mixed by vortexing.
The mixture was incubated for 60 min at 55°C to lyse the cells. After incubation,
210 ul of 100% ethanol was added to the sample. The mixture was transferred to
a QIAamp spin column and centrifuged at 6,000 X g for 2 min. Next, 500 pl of
AW1 buffer (Qiagen) was added to the column, and the sample was centrifuged
for 2 min at 6,000 X g. Following this centrifugation step, 500 pl of AW2 buffer
(Qiagen) was added to the column, and the sample was centrifuged at 6,000 X
g for 2 min. Finally, 100 pl of AE buffer (Qiagen) preheated to 70°C was applied
to the column, and the sample was centrifuged at 6,000 X g for 1 min to elute the
DNA. The DNA concentration was determined by measuring the absorptivity of
each sample at 260 nm with a DU series 500 spectrometer (Beckman Instru-
ments, Fullerton, Calif.).

Analysis of the 5’ end of the gyr4 gene to identify organisms for assay devel-
opment. DHPLC was used to screen the 5’ end of the gyrA4 gene in 8 strains of
B. anthracis, 33 strains of B. cereus, and 10 strains of B. thuringiensis to identify
candidate strains for sequencing. B. anthracis strain Sterne was used as the
reference organism.

DHPLC of the 5" end of the gyr4 gene was performed with primers GYRAF1
(5'-ATG TCA GAC AAT CAA CAA CAA GC-3') and GYRAR?2 (5'-ACA
TTCTTG CTT CTG TAT AAC GC-3'). Each strain and the reference organism
were amplified in 100-pl reaction mixtures containing 1.0 wM each primer, 40
M each deoxynucleoside triphosphate, 10 pl of 10X PCR buffer IT (Applied
Biosystems, Foster City, Calif.), 5.0 U of AmpliTaq Gold (Applied Biosystems),
and 8.0 ul of 25 mM MgCl, in molecular biology-grade water. Cycling conditions
were 10 min of preincubation at 95°C to activate the AmpliTaq Gold; 35 cycles
of 1 min at 95°C, 1 min at 55°C, and 1 min at 72°C; and a 10-min 72°C final
extension. All standard PCRs were performed with an MJ Research PTC-100
thermocycler.

The resulting 364-bp product was quantified with a reversed-phase high-per-
formance liquid chromatographic analytical gradient as follows: 0.0 min, 47.0%
buffer A (0.1 M triethylammonium acetate [pH 7.0], 0.025% acetonitrile), 53.0%
buffer B (0.1 M triethylammonium acetate [pH 7.0], 25% acetonitrile); 0.5 min,
42.0% A, 58.0% B; 5.0 min, 33.0% A, 67.0% B; 5.1 min, 0.0% A, 100.0% B; 5.7
min, 47.0% A, 53.0% B; and 6.6 min, 47.0% A, 53.0% B. The flow rate was 0.9
ml/min, and the temperature was 50.0°C. Hybridization reaction mixtures (200
pl) contained 10 mM EDTA and equimolar amounts of driver (B. anthracis
Sterne PCR product) and experimental Bacillus PCR product in molecular
biology-grade water. Hybridization conditions were a 4-min preparation at 95°C,
followed by a period of cooling at 25°C over 45 min at —1.5%C/min.

Mutation analysis was performed with an analytical gradient as follows: 0.0
min, 49.0% A, 51.0% B; 0.5 min, 44.0% A, 56.0% B; 5.0 min, 35.0% A, 65.0% B;
5.1 min, 0.0% A, 100.0% B; 5.7 min, 49.0% A, 51.0% B; and 6.6 min, 49.0% A,
51.0% B. The flow rate was 0.9 ml/min, and the temperature was 59.5°C.

Sequencing of the gyr4 gene. The gyr4 genes in three strains of B. anthracis and
two strains of B. cereus were sequenced. Primers GYRAF1 and GYRAR3
(5'-TAT TAC AAG TCT TCA GAC CTT TAC CAC-3') were designed to
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TABLE 1. gyrA nucleotide differences between B. anthracis and B.
cereus strains BACI177 and BACI180“

Codon change Base Amino acid
(B. anthracis — B. cereus) position change
TTT —TTC 656 Phe — Phe
TTA — CTA 792 Leu — Leu
TTG — CTG 1065 Leu — Leu
GAC — GAT 1668 Asp — Asp
AAA — AAG 1692 Lys — Lys
ATC — ATT 1926 Ile — Ile

“ Both strains of B. cereus had all of these codon changes.

amplify most of the gyr4 gene. The PCR conditions for this primer set were 10
min of preincubation at 95°C; 30 cycles of 1 min at 95°C, 1 min at 55°C, and 1 min
at 72°C; 15 cycles of 1 min at 95°C, 1 min at 50°C, and 1 min at 72°C; and a 10-min
72°C final extension.

PCR products were purified with QIAQuick spin columns (Qiagen) in accor-
dance with the manufacturer’s instructions. The PCR products were sequenced
with the following primers: GYRAF1 (5'-ATG TCA GAC AAT CAA CAA
CAA GC-3'), GYRAF480 (5'-ATT ACC AGC GCG TTT TCC TAA C-3"),
GYRAF547 (5'-AAT ATT CCG CCG CAT CAA CT-3'), GYRAF1009 (5'-
TCT CTT GTA AAT GGA GAG CCG C-3"), GYRAF1153 (5'-CGA ATT GCC
TTA GAC CAT TTG G-3'), GYRAF1440 (5'-CAA TGA TAA GAG ACG
CAC GGA-3"), GYRAF1571 (5'-CGT ACA AAA CAC AGA ACC GTG G-3'),
GYRAFI1 (5'-ATG TCA GAC AAT CAA CAA CAA GC-3'), GYRAR3 (5'-
ACATTCTTG CTT CTG TAT AAC GC-3'), GYRAR474 (5'-ATT GGC TCC
CTT TCA GAA CCA-3"), GYRARS503R (5'-GCG GCT CTC CAT TTA CAA
GAG A-3"), GYRAR1898 (5'-TTC GCA AAT GAT GAA AGC GG-3'), and
GYRAR2042 (5'-GAA CGC ACA TCT TGC TCG TTA A-3'). Sequencing
reaction mixtures (20 wl) contained 2.5 wM primer, 45 ng of PCR product, and
8 ul of Big Dye (Applied Biosystems) in molecular biology-grade water. The
sequence cycling conditions were 30 s of preincubation at 85°C; 25 cycles of 10 s
at 96°C, 5 s at 50°C, and 4 min at 60°C; and a 10-min 60°C final extension. The
sequencing reaction mixtures were purified with CentriSep columns in accor-
dance with the manufacturer’s instructions (Princeton Separations, Adelphia,
NJ).

Primer and probe design. Multiple-sequence alignment with DNASTAR soft-
ware (DNASTAR, Inc., Madison, Wis.) of the gyr4 genes from the sequenced B.
anthracis and B. cereus strains revealed genes with six silent base-pair changes at
bases at positions 656, 792, 1065, 1668, 1692, and 1926 (Table 1). Potential
primers and probes were generated with Primer Express software, version 2.0
(Applied Biosystems). BLASTN searches were performed for all primers and
probes to eliminate those which might cross-react with other known bacterial
DNAEs. Primer sets were further analyzed for palindromes as well as hairpin and
dimer formation with NetPrimer software (http://www.microarraysoftware.com
/netprimer/netprlaunch/netprlaunch.html.)

Real-time PCR amplification. PCR was performed with a Ruggedized ad-
vanced pathogen identification device (R.A.P.ID.) (Idaho Technology, Salt
Lake City, Utah). Real time PCR reaction mixtures (20 wl) contained 0.5 pM
each primer (BAGYRAI614F [5'-GGG AAC AAA TGA TGA TGA TTT
CGT-3', sense] and BAGYRA1732R [5'-ACT CTG GGA TTT CAT ATC CTT
TCG T-3', antisense]), 0.375 pM probe (BAGYRA1668MGB [6'FAM-CGC
ATG ACC ATA TTC-MGBNFQ-3']) (Fig. 1), 2 pl of 10X PCR buffer contain-
ing 50 mM MgCl, (Idaho Technology), 2 pl of deoxynucleoside triphosphate
(Idaho Technology), and 0.8 U of Platinum Tag. Cycling conditions were pre-
incubation for 120 s at 94°C to activate the Platinum Tag, 45 cycles of 20 s at 94°C
and 20 s at 67°C, and a 60-s 40°C final cooling step. Positive results were
determined with R.A.P.LD. detector software (version 2.0.7).

Specificity and sensitivity tests. Sensitivity was determined by analyzing in
triplicate serial 10-fold dilutions of genomic DNA from two strains of B. anthracis
(Ames and dANR) starting at 1 ng and ending at 1 fg. Specificity was tested by
using 100 pg of genomic DNA from 43 strains of B. anthracis, 36 strains of B.
cereus, and 12 strains of B. thuringiensis as well as a cross-reactivity panel con-
sisting of 59 different species (Table 2). A panel of 105 masked samples (samples
whose identity was unknown) was tested to evaluate the potential diagnostic
capability of the assay (Table 2).
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atgtcagacaatcaacaacaagcacgaatticgagaaattaatattagccatgaaatgegtacctceatttttagattacgcaatgagtgttatcgt
atctcgtgcattaccagatgticgtgatggattaaaacctgtgecatcgtagggttttatatgegatgaatgatitaggaattacggetgataaage
gtataaaaaatcagcacgtattgttgetoaagtaatcggtaagtatcaccctcatggtgattcagetgtttatgaaacgatggtacgtatggcgc
aagatttcagtcaacgttatatgcttgttgatgggcatggtaactttggatetgtcgatggagattcageggeagceaatgegttatacagaagea
agaatgtctaaaatctctatggaattaatacgtgatatttcaaaaaatacaattgattatcaagataactatgatggttctgaaagagagecegatt
gtgttaccagcgcgttitcctaacttactagtaaatggtacgacaggtattgcagttggtatggcaacaaatattccgecgeatcaacttggtga
agtaattgatggcgtattggcattaagtcataatcccgatattactattgeagaattaatggagtgcattccaggaccagattttccgacggcag
gtttaattttaggaagaagtgotaticgtagagcettatgaaacaggacgegggtctattatacttcgtgctaaagtigaaattgaagagaagtca
aatggcaaacaatctattatcgtaacggaattaccttatcaagtgaataaggcgcgattgattgaaaaaattgcagaattagttcgegataaga
aaattgaaggtattacagatitacgtgatgaatcagatcgaaatggtatgegtattgttatggaagtacgtcgtgatgecaatgctaatgtattatt
aaataacttatataaacatacagcacttcaaacaagttttggtattaacatgetgtctcttgtaaatggagaaccacaagtactgaatttaaaaca

aaatttatatcattacttggaacatcaaaaggtagtaattcgtagacgtactgcttatgaacttgaaaaggcagaagcacgtgctcatatcttaga

_aggattacgaattgctttagaccatctggatgaagttattacattaattcgtagttcgaaaacagcggaaattgcaaagcaaggtttaatggaac

gttttggcttaagtgaaaaacaagegceaagctattttagatatgegtetgecaacgettaacaggattagaacgcgaaaaaattgaacaagaat
atcaagatttaatgaagttaatcgctgaattaaaagcaatcttagcagatgaagaaaaggticttgagattattcgtgaagaattaacagaagta
aaagagcgcttcaatgataagagacgtacaggttgecagettctacgtacaaaacacagaaccgtggtggacgtggtgtgcagggaatG

BAGYRA1614F BAGYRA1668MG
GGAACAAATGATGATGATTTCGTagagcatttattaaccacttctaCGCATGACCATATT Ctattctte

actaataaagggaaagtataccgtACGAAAGGAT%&ATG(‘;{&%I%%CCAGAGTatagtcgtacagcgaaaggtatacc
tattattaacttattaggtgtagataagggtgaatggattaacgccattattccaattcgtgaatttggtgacgatgaattcttattcttcacaacaaa
acaaggtatctctaagagaacaccactttcatcatttgcgaatatacgtacaaatggtttaattgcaatctetcttcgtgaagaggatgaagtaat
atctgtacgtttaacatctggtgataaggatattattgtaggtacaagcaatggtatgctaattcgttttaacgagcaagatgtacgttctatggga
cgtaatgcggctggtgtaaaagceaattacattaggtgaagaagatcaagttgtaggtatggaaattgtcgaagaggatgtaaatgttttaattgt

aacgaaaaatggttatggaaaacgtactccgattgatgaatatcgettgecaaagecgtggtggtaaaggtetggacttgt
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FIG. 1. Nucleotide positions of primers BAGYRA1614F and BAGYRA1732R and probe BAGYRA1668MGB.

RESULTS

DHPLC analysis. To determine whether the gyr4 gene was
a suitable target for distinguishing B. anthracis from the other
members of the B. cereus group, we examined the first 364 bp
of the gyrA gene by DHPLC. Two strains of B. cereus had peak
profiles identical to those of the eight strains of B. anthracis
tested, indicating similar sequences. Sequencing of the gyr4
gene in these strains and three strains of B. anthracis revealed
genes in B. cereus with six nucleotide differences resulting in
silent codon substitutions (Table 1). Further DHPLC analysis
showed that two of these nucleotide differences were specific

for B. anthracis (GenBank accession no. AY291534 and
AY291535).

Level of detection. Tenfold serial dilutions (from 1 ng to 1 fg)
of two strains of B. anthracis were tested in triplicate to deter-
mine the lowest concentration of template DNA that could be
detected 100% of the time. The level of detection results indicate
that the BAGYRA primer-probe set was able to detect 100 fg of
genomic DNA (Fig. 2). Based on genome size and GC content,
the detection limit was 20 to 30 genome copies per PCR.

Specificity testing. BLASTN results indicated that primers
BAGYRAI1614F and BAGYRA1732R and probe BAGYRA
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TABLE 2. List of organisms used in this study to determine the
specificity of probe BAGYRA1668MGB

Organism No. of strains tested
Acinetobacter baumannii 1
Alcaligenes XplOSOXIAANS .............ceevvevevervesrsrrssrssseeeans 1
Bordetella bronchiseptica 1
BaACIIUS AIIAFACIS ... 43

Bacillus cereus .......
Bacillus thuringiensis.

Bacillus coagulans..... 1
Bacillus licheniformis 1
Bacillus macerans ..... 1
Bacillus megaterium .. 1
Bacillus polymyxa .. 1
Bacillus popilliae ... 1
Bacillus sphaericus ........... w1
Bacillus stearothermophillis .................cooeeeeeeeeninineninenenenenenens 1
Bacillus subtilis subsp. niger 2
Bacteroides diStASONIS ...............cccccuvueeniieiniininiicieiieieeieeens 1
Brucella melitensis w1
BUAVICIA QQUATICA ... 1
Burkholderia cepacia 1
Burkholderia pseudomallei ..................ccooeevenineninneneninenennenens 1
Clostridium botulinum 2
CloStridium SOTACILL ............c.oueeeueeneceeinineceeirisecenecicisenecaenne 1
Clostridium perfringens 3
CILOSIFIAIUIM SPOTOZENES .....eveeeniireieieieeeisieeeseeeeeeseseeeeeas 1
Comamonas acidovorans 1
COMAMONAS FEITIGONA ..t 1
Enterobacter aerogenes 1
Enterobacter agglomerans ...............ccocoeeeeeccnnecrennccennnn. 1
Enterococcus durans .... 1
Enterococcus faecalis ... 1

Francisella tularensis ....
Haemophilus inflUenzae................ccoeeeeenenecvnecenncceen.
Klebsiella oxytoca
Klebsiella pneumoniae .
Listeria monocytogenes
Moraxella catarrhalis....
Neisseria lactamica ...
Proteus mirabilis .
Proteus vulgaris......
Providencia SHUATHT ...........c.cceeeveceeeneeninineenieecseeeeeseeeeeeeae
Pseudomonas aeruginosa
RalStONIA PICKEIHIT ...t
Salmonella choleraesuis
SCHIALIA MATCESCENS e
Serratia odorifera...
Shigella flexneri...
Shigella sonnei...........

Staphylococcus aureus .
Staphylococcus hominis .......
Stenotrophomonas maltophilia .................cccccccveveveveeevencnnn.
Streptococcus sp. (group B)
Streptococcus PREUMONIAE ...........c..c.vececereeecereneeereneseceneneacaenne
Streptococcus pyogenes ...
Yersinia enterocolitica ..
Yersinia kristensenii...
Yersinia ruckeri......
Yersinia pestis ........
Yersinia frederikSenil ............o.coceeeeveeeueceneneesinieeeneneeeseneaene
Yersinia pseudotuberculosis

1668MGB were potentially specific for B. anthracis. Previous
DHPLC work in our laboratory showed that there are at least
two different alleles of the gyr4 gene in B. anthracis (26). To
ensure that the BAGYRA primer-probe set would amplify all
strains of B. anthracis, we tested it with 43 strains of B. anthra-
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cis. Given the high degree of homology of the B. cereus group
genome, we tested the BAGYRA primer-probe set with 36
strains of B. cereus and 13 strains of B. thuringiensis. All strains
of B. anthracis were detected, and no strains of B. cereus or B.
thuringiensis were detected. To determine whether the
BAGYRA primer-probe set would detect other species of bac-
teria, we tested a panel of DNAs from 171 organisms of 29
genera (Table 2). No organisms from this panel were detected
(data not shown).

Masked-sample analysis. A panel of 105 masked samples
was tested to evaluate the diagnostic capability of the
BAGYRA primer-probe set (Table 2). Of the 15 B. anthracis
samples in the panel, all were identified correctly. There were
no false-positive results.

DISCUSSION

B. cereus and B. thuringiensis are the two closest relatives of
B. anthracis (25, 27, 52). A recent study analyzing the allozyme
patterns of 13 enzyme loci showed that B. anthracis is indistin-
guishable genetically from some strains of B. cereus and B.
thuringiensis (25). The primary markers used to differentiate B.
anthracis from other members of the B. cereus group are plas-
mids pXO1 and pXO2 (5, 7, 48). Conjugation studies have
shown that pXO1 and pXO2 can be transferred from B. an-
thracis to B. cereus (21). Plasmid transfer between Bacillus
species can obscure the identification process. Moreover, the
identification process can be complicated further because
some strains of B. anthracis carry either pXO1 or pXO2 while
other strains lack both plasmids. Plasmid-cured strains of B.
anthracis have been isolated (53). In addition to these con-
founding problems, site-directed mutagenesis at crucial loca-
tions on either of these plasmids could make pXO1 or pXO2
assays ineffective.

Both pXO1 and pXO2 are large plasmids. pXO1 is 174 kb
and carries the pag, lef, and cya toxin genes (28). pXO2 is 95 kb
and carries the capA, capB, and capC genes (28). These genes
are essential for a strain of B. anthracis to be virulent and are
the most commonly targeted for plasmid-based assays (18, 45,
53). With modern molecular biological techniques, these plas-
mids could be removed from the organism and manipulated by
site-directed mutagenesis to produce genes that code for the
same protein but with a different nucleotide sequence. In such
a scenario, a nucleic acid-based assay targeting these genes
would be useless. Unquestionably, a chromosomal marker is
needed to identify B. anthracis without ambiguity.

Several chromosomal Bacillus markers have been identified,
and none is specific to B. anthracis. We investigated the gyr4
gene to assess its potential use as a B. anthracis-specific chro-
mosomal marker. Due to the highly conserved nature of B.
cereus group genomes, we decided to screen several Bacillus
organisms by DHPLC to determine whether the gyr4 gene was
a suitable target for assay development. Because the amino
acids at the amino terminus of gyrase peptides are more con-
served than the amino acids at the carboxyl terminus (54), we
screened the 5’ end of the gyr4 gene by DHPLC to identify
organisms suitable for assay development. Our DHPLC and
sequencing data revealed several strains of B. cereus with gy-
rase A peptides similar to those of B. anthracis strains. These
strains had gyr4 genes that differed from those of B. anthracis
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FIG. 2. Results of triplicate analysis of B. anthracis Ames 10-fold serial dilutions ranging from 1 ng to 1 fg of template DNA. The average cycle
threshold values were as follows: 1 ng, 22.25; 100 pg, 25.16; 10 pg, 28.29; 1 pg, 31.77; and 100 fg, 35.26. The 10-fg dilution was not detected
consistently. The 1-fg dilution and the no-template control were not detected.

by six nucleotides, but the genes coded for the same amino acid
sequence (Table 1).

Single nucleotide differences can be detected by a number
of techniques. Recently, MGB proteins conjugated to DNA
probes were used for this purpose (15). Tagman MGB
probes form extremely stable complexes when bound to
their targets, allowing for the development of probes that
are much smaller than traditional Tagman probes and mak-
ing them useful for analyzing A-T-rich sequences. We ex-
ploited this characteristic of Tagman MGB probes to ana-
lyze the nucleotide at position 1668 in the gyr4 gene of B.
anthracis. The B. anthracis genome is A-T rich (66.5%) (38),
and the area surrounding the position 1668 C — T trans-
version has a slightly richer A-T content—70.0%. Initially,
we tried to design a traditional Tagman probe for the po-
sition 1668 C — T transversion and found that a Tagman
probe with an annealing temperature similar to that of
BAGYRA1668MGB was 35 bp long. While some Tagman
probes have been used to detect single nucleotide polymor-
phisms (23, 34, 41), it is unlikely that a Tagman probe in
excess of 30 bp will efficiently detect such a subtle DNA

variation. A recent study showed that Tagman MGB probes
had the highest melting temperatures when there was a
single-base-pair mismatch in the MGB region of the target
DNA (30). The mutation analyzed in this study was 2 nu-
cleotides outside of this region. Tagman MGB probes can
be designed to lower the annealing temperature of this assay
to increase its sensitivity. We were able to reliably detect 100
fg of template DNA with this assay (Fig. 1), a value which
translates to 20 to 30 genome copies. It may be possible to
detect two or three genome copies or possibly one genome
copy with a probe that has a single-base-pair mismatch in
the MGB region.

Clinically isolated B. anthracis may be associated with either
commensal or pathogenic bacteria. To determine whether the
BAGYRA1668 MGB probe would cross-react with other bac-
teria, we tested it with 43 strains of B. anthracis, 36 strains of B.
cereus, and 13 strains of B. thuringiensis. In addition, we tested
another group of 171 organisms from a variety of genera and
species (Table 2). To demonstrate the potential diagnostic
utility of this assay, we tested a panel of 105 masked samples.
All B. anthracis samples in the panel tested positive, and there
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were no false-positive results, indicating that the gyr4 gene is a
valuable B. anthracis target for a specific chromosomal assay.
Although the results obtained with the 43 strains of B. anthra-
cis were positive, further testing is needed because of the
possibility of a false-negative result occurring from a different
gyrA allele in B. anthracis.
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